Biochemical and genetic studies have suggested that a transmembrane tunnel structure penetrating the inner and outer membranes is formed during the lytic action of bacteriophage 4X174 protein E. In this study we directly visualized the lysis tunnel by using high-magnffication scanning and transmission electron microscopy.
Raibaud, Institute Pasteur, Paris, France) harboring plasmid pAW13. Plasmid pAW13 was constructed as follows. First, the PstI-BamHI fragment of plasmid pSB12 (6) comprising gene E under control of the lambda PL promoter was inserted into the PstI-BamHI sites of pACYC177 (10) . Second, the obtained plasmid was cleaved with PstI and treated with T4 DNA polymerase to destroy the bla gene. The resulting plasmid, pAW13, carries gene E under lambda PL control and confers kanamycin resistance.
Samples of E. coli pop2135(pAW13) were removed at various times after the onset of lysis. This ensured the presence of cells in all phases of lysis. Cells in the early stage of lysis showed cytoplasmic material being released to the environment. The cytoplasmic content escaping from the cells could be detected as electron-opaque material in all scanning or transmission electron micrographs of lysing cells ( Fig. 1A and B) . Osmium tetroxide and uranyl acetate, which were used for en bloc staining, contributed to the high scattering power of the extruded matter. Lead citrate was not needed to contrast the cytoplasmic material. The rod-* Corresponding author.
shaped morphology of the E. coli cells remained intact ( Fig.  1A and C) , and the protein E-mediated lysis tunnel was restricted to a small part of the total cell surface (Fig. 1A , C, and D). On average, the diameter of the holes varied between 40 and 80 nm. Thus, 4X174 progeny with a hydrodynamic diameter of 32 nm (3) can easily pass through the lysis tunnel. Irregular tunnels were also observed (Fig. 1D ).
It is conceivable that the irregular shape of the holes was indirectly caused by the release of cytoplasmic material during lysis. The irregular shape of the tunnel might have been a consequence of the surrounding rigid peptidoglycan due to paracrystalline areas in the murein. Tunnel formation was accompanied by a fusion of the inner and outer membranes (Fig. 1B) . The resulting continuous membrane may explain earlier observations concerning the very limited release of periplasmic enzymes during E lysis. At the time when 90% of the intracellular P-galactosidase was released by E-lysed cells, only 5% of the total alkaline phosphatase and 10% of the 3-lactamase were detected in the culture medium (22) .
The role of peptidoglycan degradation in the formation of the E-mediated lysis tunnel is poorly understood (17) . There is evidence that an active autolytic system is one of the cellular prerequisites for the E-lysis process (16) . So far it has not been elucidated which specific component of this system is needed. However, only limited degradation (8 to 12%) of the rigid murein structure has been observed after protein E-mediated lysis (A. Witte, J.-V. Holtje, and W. Lubitz, unpublished results). Inspection of a number of scanning electron micrographs of E-lysed cells showed that the majority of cell ghosts contain only one E hole (data not shown). This suggests that murein degradation during E lysis occurs only at the sites of transmembrane tunnel formation. In very rare cases, two holes in one bacterial ghost were detected (Fig. 1C) . Since protein E-mediated lysis of a single cell takes less than 30 s (15), it seems reasonable to assume that two tunnel structures in one bacterium can only emerge simultaneously. Moreover, the occurrence of two holes might indicate that potential E-lysis structures are built up at several sites in the cell envelope. However, the first E tunnel structure formed would cause lysis and thus should prevent further tunnel formation.
What constitutes the E-lysis tunnel? It is imaginable that the endogenous transmembrane tunnel structure is similar to the exogenous lysis complex formed by Staphylococcus aureus alpha-toxin (12); i.e., protein E-like S. aureus alphatoxin may oligomerize to form a ringlike structure which C02, mounted with Tempfix on copper foils, and sputtered with gold-palladium by using a Polaron high-resolution sputterer producing a layer ca. 3 to 5 nm thick. The thickness of the metal coating was determined by reembedding samples and examining ultrathin sections with a transmission electron microscope. The grain size of the gold-palladium sputter coating was determined to be about 2 to 3 nm, and as the resolution of the FESEM is about 2 to 3 nm, this results in an end resolution of about 4 to 5 nm under optimal conditions. All scanning electron micrographs were taken with a Hitachi S-800 field emission scanning electron microscope. constitutes the hole. However, at present we have no evidence that the walls of the observed holes are built up by E oligomers. It is also possible that E oligomers initially form a relatively small hole and that the observed holes are the result of a secondary effect: the limited blowup of the cell envelope at the sites at which the primary E oligomeric complex has been formed.
How many E monomers are required to build the Especific lysis complex? It has been estimated that less than Protein E-mediated lysis seems to require host proteins. A host gene, slyD, absolutely required for lysis, has been mapped at 72.5 min on the E. coli chromosome (18) . The lytic action of gene E is blocked in a slyD mutant strain. Thus, the slyD gene product may define a cellular target for protein E in the cell envelope. Furthermore, several lines of evidence suggest that E lysis somehow requires components of the cell division machinery. Stationary cells cannot be lysed by protein E (5). In the present electron microscopic study the hole was predominantly located in the neighborhood of the septum or at the poles (Fig. 1C) , implying formation of the lysis complex at the sites at which cell division takes place (20) . It has been reported that heat shock proteins known to interfere with the regulation of cell VOL. 172, 1990 on January 20, 2018 by guest http://jb.asm.org/ Downloaded from division also interfere with protein E-mediated lysis (24) . Under conditions when heat shock genes were expressed at 30°C, E. coli showed an enhanced resistance to E-mediated lysis (24) . Apparently, the interrelation between cell division and E-mediated lysis needs further elucidation. This work was supported by a grant from the Austrian Fonds zur Foerderung der wissenschaftlichen Forschung (P6861 Bio).
